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Abstract. We present a spectrophotometric analysis of SOri J053825. 4— 024241, a candidate member close to the 
substellar boundary of the young (1-8 Myr), nearby (~360 pc) a Orionis star cluster. Our optical and near-infrared 
photometry and low-resolution spectroscopy indicate that S Ori J053825. 4— 024241 is a likely cluster member with 
a mass estimated from evolutionary models at 0.06^q'q2 Mq, which makes the object a probable brown dwarf. 
The radial velocity of SOri J053825. 4— 024241 is similar to the cluster systemic velocity. This target, which we 
have classified as an M6.0±1.0 low-gravity object, shows excess emission in the near-infrared and anomalously 
strong photometric variability for its type (from the blue to the J band), suggesting the presence of a surrounding 
disc. The optical spectroscopic observations show a continuum excess at short wavelengths and a persistent and 
resolved Ha emission (pseudo-equivalent width of ~ —250 A) in addition to the presence of other forbidden and 
permitted emission lines, which we interpret as indicating accretion from the disc and possibly mass loss. We 
conclude that despite the low mass of SOri J053825. 4— 024241, this object exhibits some of the properties typical 
of active classical T Tauri stars. 

Key words, stars: low mass, brown dwarfs — stars: individuals (S Ori J053825. 4— 024241) — accretion, accretion 
discs — stars: variables: others — open clusters and associations: individuals (cr Orionis) 

1. Introduction Jayawardhana & Basri (2005) and Furlan et al. (2005) 

and references therein. 



T Tauri stars are the bridge between new-born embedded 
protostars and zero age main sequence stars. The most 
widely accepted scenario proposed to explain all their fea- 
tures is the magnetospheric accretion of mass infalling 
from a surrounding circumstellar disc. Bertout, Basri & 
Bouvier (1988), Appenzeller & Mundt (1989) and Konigl 
(1991) have reviewed the properties of T Tauri stars and 
their discs. The existence of a T Tauri-like phase in brown 
dwarfs, objects below the hydrogen-burning mass limit 
(^0.072 M Q for solar metallicity) has been suggested in 
the past few years. See, for example, Muzerolle et al. 
(2003), Barrado y Navascues & Martin (2003), Natta 
et al. (2004), or the most recent papers by Mohanty, 



S Ori J053825.4-024241 was firstly identified as a pho- 
tometric substellar candidate of the young a Orionis clus- 
ter (Bejar, Zapatero Osorio & Rebolo 2004). Hence, it 
is probably 1-8 Myr old and is located at a distance of 
about 360 pc (see Bejar et al. 2001 for further details on 
the cluster properties). SOri J053825. 4-024241 exhibits 
considerable excess emission in the -Kg-band, whereas the 
R — I colour appears to be slightly bluer than the colour 
of other cluster members of similar magnitude. Caballero 
et al. (2004) found SOri J053825.4-024241 to be one of 
the most photometric variable sources of its spectral type, 
with variations as high as 0.36 mag in the / band over a 
few hours. 



2 J. A. Caballero et al.: A CTT-like 




Fig. 1. Finder chart of S Ori J053825.4-024241 (labelled) 
taken in the /-band with the IAC-80 telescope. Other stel- 
lar and substcllar members of the a Orionis cluster are 
indicated with circles. Field of view is 6.5 x 6.5 arcmin 2 . 
North is at the top and east to the left. 



In this paper we present optical spectroscopy that con- 
firms the membership of SOri J053825.4-024241 in a 
Orionis at the borderline between stars and brown dwarfs. 
Both photometric and spectroscopic data suggest that this 
object is undergoing active mass accretion. The presence 
of circumstellar discs around low-mass stars and brown 
dwarfs in the a Orionis cluster has been inferred by sev- 
eral authors (e.g., Oliveira, Jeffries & van Loon 2004 and 
Scholz & Eisloffel 2004). However, the particular peculiar- 
ities of S Ori J053825.4-024241 deserve intensive study. 

2. Observations and analysis 

2.1. Optical spectroscopy 

We have obtained low-resolution spectra of S Ori 
J053825.4-024241 using the 2.56 m Nordic Optical 
Telescope (NOT, Observatorio del Roque los Muchachos, 
Spain) and the 10 m Keck I Telescope (W. M. Keck 
Observatory, Hawai'i). The finder chart of this object is 
depicted in Fig. 2] and Table d provides the log of the 
spectroscopic observations. Raw data were reduced using 
tasks within the iraf environment. Reduction steps in- 
cluded bias subtraction, flat-fielding, optimal extraction, 
wavelength calibration, and correction for instrumental re- 
sponse and telluric contribution. 

We used the Andalucia Faint Object Spectrograph and 
Camera (alfosc) instrument attached to the Cassegrain 
focus of the NOT to obtain a spectrum of S Ori 
J053825.4-024241 (R -600). See Tabled for details on 



object at the substellar boundary 



Table 1. Log of the spectroscopic observations 





NOT 


Keck 


Date 


2003 Dec 26 


2004 Jan 23 


MJD 


52999.93 


53027.31 


No. of spectra 


3 


2 


Exposure time 


3 x 900 s 


1200 + 390 s 


Telescope 


NOT 


Keck I 


Instrument 


ALFOSC 


LRIS 


Detector 


E2V 2k x 2k 42-40 


Tektronics 2k x 2k 


Grism 


#5 


#4 


Blocking filter 


GG475 


GG495 


A coverage 


5300-9600 A 


5600-8100 A 


Pixel size 


0.19 arcsec 


0.213 arcsec 


Slit width 


1.3 arcsec 


1.0 arcsec 


Dispersion 


3.1 A pixel" 1 


1.25 A pixel" 1 


Resolution 


12 A 


4.5 A 



the observations and the instrumental configuration. We 
note the strong fringing redwards of 7600 A, and the low 
number of photons bluewards of ~6000A. Observations 
were hampered by poor weather conditions (cirrus and 
high relative humidity). 

We also obtained spectra of three additional a Orionis 
candidate members of similar brightness on the same 
night (I ~ 17 mag, namely S Ori J053954.3-023719, S Ori 
J053838. 6-024157 and SOri J053826. 1-024041). These 
were found in the photometric searches of Bejar et 
al. (2004) and Caballero et al. (2004). These authors 
reported on the short-scale variable nature of S Ori 
J053826.1-024041. Barrado y Navascues et al. (2003) clas- 
sified SOri J053826. 1-024041 as an M8-dwarf member 
of the cluster. Exposure times were 3 x 900 s for S Ori 
J053825.4-024241, and 1000s for each of the other three 
objects. Figure [3 shows the NOT spectra, which were cor- 
rected for telluric lines by observing featureless stars. 

Spectral types were derived by measuring the pseudo- 
continuum indices (PC) of Martin, Rebolo & Zapatero 
Osorio (1996) and by direct comparison to well-known 
late-type spectroscopic standard stars. We provide our 
measurements in Table [5] We note that the PCI in- 
dex is affected by the broad Ha emission of S Ori 
J053825.4-024241, and that the PC4 index suffers from 
the strong fringing of our data. PC2 and PC3 remain, how- 
ever, as reliable indicators of the spectral type. In case of 
strong veiling due to a blue continuum excess, the PC 
indices may provide spectral types that are slightly ear- 
lier than the real ones. The polynomial fitting to the PC 
index-spectral type relations given in Martin et al. (1996) 
yields spectral types between M5 and M6 for the four ob- 
jects in our work. In particular, we have determined that 
the spectral type of SOri J053825.4-024241, the main 
target of our paper, is M6 with an uncertainty of one sub- 
type. 

As seen from Fig. [21 the most prominent spectral fea- 
ture of S Ori J053825.4-024241 is Ha, which is seen in 
strong emission. We measured a pseudoequivalent width 
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Table 2. /-band magnitude, Ha emission, pseudocontinuum indices and spectral types from the NOT data 



Name 




jra 


pEW (Ha) 


PCI 


PC2 


PC3 


PC4 


Spectral type 






(mag) 


(A) 












S Ori J053825.4- 


-024241 


16.86 ± 0.06 


-230 ± 70 


1.2 ± 0.6 


1.85 ± 0.17 


1.36 ± 0.13 


1.7 ± 0.3 


M6.0 ± 1.0 


S Ori J053954.3- 


-023719 


17.03 ± 0.04 


-5 ± 1 


1.8 ± 0.2 


2.0 ± 0.2 


1.34 ± 0.18 


1.64 ± 0.12 


M6.0 ± 1.0 


S Ori J053838.6- 


-024157 


16.52 ± 0.07 


-6 ± 1 


1.39 ± 0.14 


1.75 ± 0.18 


1.3 ± 0.3 


1.6 ± 0.2 


M5.5 ± 1.0 


SOri J053826.1- 


-024041 


16.87 ± 0.06 


[-2,+2] b 


1.4 ± 0.4 


2.2 ± 0.5 


1.19 ± 0.18 


1.5 ± 0.3 


M5.0 ± 2.0 C 



a From Bejar et al. (2004). 

b pEW(Ha) = -4 ± 2 A (from Barrado y Navascues et al. 2003). 

c M6.0 spectral type matches better to the spectroscopic cluster sequence. It is an M8-type binary dwarf according to Barrado 
y Navascues et al. (2003). 



[O I] Ha Li I K I Na I 




5500 6000 6500 7000 7500 8000 8500 9000 



wavelength (A) 

Fig. 2. Low-resolution NOT spectra of a Orionis 
candidates. The top spectrum corresponds to S Ori 
J053825.4-024241. For the other objects, the data red- 
wards of 8200 A are not displayed because of their very 
poor signal-to-noise ratio. The spectrum of the field 
M6.5V-type dwarf DX Cnc (Martin et al. 1996), which 
has been degraded to the same resolution as the NOT 
data, is also displayed for comparison. Spectra have been 
shifted in the vertical axis for clarity. Several atomic fea- 
tures are labelled. Coloured versions of all the figures can 
be found in the electronic version. 



(pEW, equivalent width with respect to the observed 
continuum) of — 230±70A on the NOT spectrum, which 
makes S Ori J053825.4-024241 one of the largest Ha emit- 
ters among a Orionis late-type members. The other three 
objects do not display such intense Ha lines (see TablcEJ). 
The forbidden line of [O i] A6300.3 is also detected in emis- 
sion with a moderate strength in the NOT spectrum of 
SOri J053825.4-024241. Regarding absorption features, 
all a Orionis objects show rather weak K I AA7664. 9, 7699.0 
and Nai AA8183.3,8148.8 lines as compared to field dwarfs 
of similar types (see Fig. Although the doublets are 
blended at the low resolution of the NOT data, they 
should appear with pEWs of 20 A and 6 A in ~M6 V-type 
spectra, respectively. However, we can only impose upper 



Table 3. SOri J053825.4-024241: NOT data 



Line 


pEW (A) 


[O i] A6300.3 


-2.5± 1.0 


Ha A6562.8 


-230 ± 70 


Li i A6707.8 


< +0.7 


K i A7664.9 a 


< +2.0 


K i A7699.0 a 


< +2.0 


Na i A8183.3 a 


< +2.0 


Na i A8184.8 a 


< +2.0 



a Line measurements affected by fringing. 



limits that are significantly smaller. This is indicative of 
low-gravity atmospheres (Martin et al. 1996; Luhman et 
al. 1997) or of the presence of a strong continuum excess, 
both supporting the young age of the objects and their 
membership of the a Orionis cluster. We note that our 
pEWs of the Nai AA8183. 3,8148. 8 doublet are in agree- 
ment with the measurements of Kenyon et al. (2005) ob- 
tained for various M5-6-type a Orionis members. Another 
excellent indicator of youth is the presence of Li I A6707.8 
absorption. The low resolution and moderate signal-to- 
noise ratio of the NOT spectra do not allow a clear detec- 
tion of this feature. Table provides our measurements of 
SOri J053825.4-024241. 

To check the stability of the Ha emission of S Ori 
J053825. 4— 024241, we collected two optical spectra with 
a higher resolution (R ^1700) of 1200 s and 390 s about 
one month later than the NOT data (see Table ^) . The 
Low Resolution Imaging Spectrograph (lris) was used at 
the Keck I Telescope. The Keck spectra were wavelength- 
calibrated using emission sky lines (Osterbrock et al. 
1996), which were observed along with the target. The 
root-mean-square of the polynomial fit to the calibration 
is typically 0.28 A. The data were not corrected for instru- 
mental response or terrestrial contribution because no flux 
standard star was observed owing to very poor weather 
conditions. Of the two spectra, the first exposure shows 
better signal-to-noise ratio. This spectrum is depicted in 
Figure The second spectrum is of very poor quality. 
However, Ha is clearly detected in strong emission, as it 
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Table 4. SOri J053825.4-024241: Keck data 




Line 


pLW (A) 


v h (kms 1 ) 


He i A5875.8 


-3.5 ± 1.0 


+29 


± 


13 a 


Na i A5890.0 


< +0.1 








Na i A5895.9 


< +0.1 








[0 i] A6300.3 


-2.1 ± 0.5 


+7 


± 


13 a 


Ha A6562.8 


-260 ± 30 


+23 


± 


13 a 


[N n] A6583.5 


[-0.2, +0.2] 








Li i A6707.8 


< +0.3 








Ca i A6717.7 


+0.5 ± 0.1 


+32 


± 


13 b 


K i A7699.0 


+0.5 ± 0.1 


+32 


± 


13 b 



6500 7000 
wavelength (A) 



a Velocity obtained from the line centroid. 

b Velocity obtained from the cross-correlation technique. 



Fig. 3. Keck spectrum of S Ori J053825.4-024241. No cor- 
rection for instrumental response and telluric contribution 
has been applied. 



Li I Ca I 




v (km/s) 



6690 6700 6710 6720 6730 

wavelength (A) 



0.12r 
0.1 

X 
> 

^3 0.06 
CD 

0.04 
0.02 - 



[Ol] 


0.18 


K 1 








0.16 






relative flu) 
o o 






0.08 





6280 6290 6300 6310 6320 

wavelength (A) 



7640 7660 7680 7700 7720 

wavelength (A) 



Fig. 4. Details of the Keck spectrum of S Ori 
J053825.4-024241. (Top left) The Ha profile (full 
line) normalized to the peak and compared to one sky 
emission line (dashed line) at around a similar wave- 
length. (Top right) Lithium non-detection with an upper 
limit on the pEW of +0.3 A. (Bottom left) Emission 
from [Ol]. (Bottom right) Spectral region around the Kl 
AA7664.9, 7699.0 doublet. 



is in the first spectrum. The Keck data confirm the per- 
sistent emission of S Ori J053825.4-024241. The profile 
of the observed Ha emission is shown in Figure ^ We 
have plotted relative fluxes as a function of the velocity 
shift from line center and scaled to the peak Ha flux of 
the object. Ha appears rather symmetric and broad. It is 
resolved as compared to telluric emission lines at similar 
wavelengths. 

Besides Ha, we have also detected emission from He I 
(D 3 ) A5875.8 and [O i] A6300.3 (Fig. 0. No significant 
variations are seen between the two consecutive Keck spec- 
tra. Pseudo-equivalent widths measured from the best- 



quality Keck spectrum are given in Table As inferred 
from the strength of the emission lines (Tables |3l and , 
the activity level of SOri J053825. 4-024241 remains ap- 
proximately constant between the two epochs of observa- 
tion. We also provide in Table0]thc pEWs of several Nai, 
K I, Li I and Ca I lines. Note that the K I doublet is severely 
affected by telluric absorption. We remark that only up- 
per limits can be set for Lil A6707.8 (Fig. [31) and the Nai 
AA5890.0,5895.9 doublet. The Nai and Kl lines (Fig. |3J) 
are detected much weaker than expected for high-gravity 
dwarfs of similar spectral type. 

The heliocentric radial velocity of S Ori 
J053825. 4— 024241 was computed via Fourier cross- 
correlation of the object best Keck spectrum with 
the field standard star V1298 Aql (vB 10, M8 V, 
^ = 35.3 + 1. 5kms _1 , Tinney & Reid 1998). This tem- 
plate star was also observed with the Keck Telescope 
and similar instrumentation on a previous run. We 
took special care in cross-correlating spectral windows 
(6620-6840 A, and 7000-7260 A) that are not affected by 
telluric absorptions and that contain many photospheric 
lines (particularly TiO). Additionally, we considered 
parts of the spectrum free of emission lines. We derived 
v h = +32 ± 13 kms" 1 for S Ori J053825.4-024241, which 
is in full agreement within the error bars with the mean 
heliocentric radial velocity of a Orionis members (Walter 
et al. 1998; Zapatero Osorio et al. 2002a). Velocities were 
also computed for each emission line of the spectrum 
by measuring line centroids. Observed velocities were 
corrected for the rotation of the Earth, the motion of the 
Earth about the Earth-Moon barycentre, and the orbit of 
the barycentre about the Sun to yield heliocentric radial 
velocities, which are listed in Table We note that the 
forbidden emission due to [Ol] appears blue-shifted in 
velocity. 

2.2. Optical photometry 

We have also conducted multiwavelength optical 
and near-infrared broad-band observations of S Ori 
J053825.4-024241 using the R, I, J and H filters and 



J. A. Caballero et al.: A CTT-like object at the substellar boundary 



5 



in white light. These data, which we have added to pre- 
vious measurements available in the literature (2MASS 
photometry, Bejar et al. 2004, and Caballero et al. 2004, 
2005), have been employed to monitor photometric vari- 
ability on different timescales. Broad-band photometry 
has been obtained using the following telescopes: the 
0.8 m IAC-80, the 1 m Optical Ground Station (OGS) 
and the 1.52 m Telescopio Carlos Sanchez (TCS) at the 
Teide Observatory, the 2.5 m Isaac Newton Telescope 
(INT) at Roque de los Muchachos Observatory, the 3.5 
m Calar Alto Telescope at Calar Alto Observatory, and 
the 8 m Very Large Telescope UT1 (Antu) at Paranal 
Observatory. In Table [5] we provide the log of the ob- 
servations. Listed are the Modified Julian Date of the 
beginning of the observations, total number of exposures 
and integration time per exposure, temporal coverage per 
observing date, and filter and instrument used. 

Raw frames were reduced within iraf using standard 
techniques in the optical and near-infrared wavelengths. 
We have conducted a careful differential photometric anal- 
ysis of all the data in the same manner as in Caballero et 
al. (2004) . We refer to this paper for a description of the 
analysis. 

2.2.1. /-band differential photometry 

Using the Thomson 1024 x 1024 CCD camera (0.4325 arc- 
sec pixel -1 ) at the IAC-80 telescope, we have carried out 
time-series differential /-band photometry in a region of 
6.5 x 6.5 arcmin 2 around S Ori J053825.4-024241. Our 
target was monitored during six nights. On two of these 
nights, it was followed for more than two hours. A total of 
45 images have been used to build the IAC-80 /-band light 
curve of the object, which is shown in Fig. EJ The min- 
imum variation amplitude detectable is 0.025 mag. The 
seeing ranged from 1.2 to 2.0 arcsec during the observa- 
tions. The combined final image is depicted in Figure d 
The photometric calibration of these data has been taken 
from Bejar et al. (2004). 

Figure portrays the /-band light curve of S Ori 
J053825. 4— 024241 and of one reference star. Error bars 
are of the same size as the symbols in the plots. The data 
with the longest temporal coverage are enlarged in Figure 
EJ We have plotted the standard deviation of the light 
curves of 97 sources in the field of view as a function of 
/-band magnitude in Figured SOri J053825.4-024241 
stands out from the trend defined by the great major- 
ity of the sources 1 . S Ori J053825.4-024241 shows /-band 
variations of ^0.05 and ^0.25 mag in timescales of hours 
and days, respectively. We note the marked brightness de- 



CCD/IAC-80 



1 The most variable objects in this diagram are two sources 
that are probably background large-amplitude eclipsing bi- 
naries that do not belong to the cluster according to their 
BRIJHKs magnitudes. One of these binaries shows a light 
curve with primary and secondary minima of similar ampli- 
tude (« 0.6 mag) and a period of w 5.5 h (coordinates J2000: 
05 38 19.50 -02 41 22.5). 



i ( 



reference star 



5.304 
x 10 4 



S Ori J053825.4-024241| 

5.301 5.302 5.303 5.304 

midexposure epoch MJD x 10 4 



Fig. 5. IAC-80 /-band light curves of SOri 
J053825. 4-024241 (bottom panel) and of a nearby 
reference star (top panel). Data have been obtained from 
Dec. 2003 through Feb. 2004. Note that the vertical scale 
is the same for the two panels. 



24 Jan 2004 



25 Jan 2004 



-0.15 -0.1 -0.05 



-0.15 -0.1 -0.05 




-0.15 -0.1 -0.05 

MJD - constant 



-0.15 -0.1 -0.05 

MJD - constant 



Fig. 6. Details of the IAC-80 /-band light-curves of S Ori 
J053825. 4-024241 (bottom panels) and of a nearby ref- 
erence star (top panels). Our target was monitored for 
about 2.5 h during MJD - 53029 (left panels) and 53030 
(right panels). It appears that a modulation of lower am- 
plitude and shorter time scale is superimposed on a large 
photometric variability. 



crease around MJD 
week. 



53035, which lasted for about one 



2.2.2. White light differential photometry 

We have used the OGS telescope to photometrically mon- 
itor a large area (~0.5deg 2 ) of the a Orionis cluster. The 
mosaic detector of the ESACCD camera comprises four E2V 
Technologies CCD42-40 devices (2048 x 2048 pixels, 0.62 
arcsec pixel -1 ), which provides a total field of view of 
about 0.5 deg 2 in a single spot. We collected data from 
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Table 5. Log of the photometric observations. 



Observing date Start Exposure At Telescope Instrument Filter Reference 







MJD 


time (s) 


00 










i aaq 
1998 


Jan 22 


KAOQK OOO 


1 w 1 OAA 

1 x loOO 


<1 


T Ari on 


CCD 


1 


Mejar et al. (z004j 


i aaq 
1998 


Jan 22 


rnoor OQQ 


1 w 1 OAA 

1 x 1800 


<1 


t a n on 


CCD 


I? 


DXInv. ^4- ^1 /OAA/)\ 

liejar et al. (z004j 


i nnn 
t999 


Jan 22 


K 1 OA1 H/17 

D12U1.U4/ 


1 w TOA 
t X 1 20 


<1 


lob 


CAIN- 2 


j 

J 


this paper 


i nnn 
t999 


T _ O /I 

Jan 24 


K 1 OAO 7H 

012U2.8/U 


1 w TOA 
1 X ( 20 


<1 


lOb 


CAIN- 2 


j 

J 


|->'* „ „j_ „1 /OAA/)\ 

liejar et al. (zOU4j 


o aaa 
2000 


Dec 30 


oiyuy.u/ o 


E w 1 CAA 

X loOO 


1 1 

1.4 


UN 1 


WFC 


T 
1 


/ 1,1,11. „4, „i /onn/il 

Oaballero et al. (2004J 


O AAA 

2000 


T\,-, _ Q 1 

Dec ol 


oiyuy.yui 


1 A w 1 KAA 

10 X loOO 


1 *7 

4. ( 


UN 1 


WFC 


T 
1 


( '., 1 , . , 1 1 „i „1 /OAA/l\ 

Uaballero et al. (2004J 


OAA1 

2001 


Jan Ul 


ci ni 1 oc p; 

oiyii.uoo 


d w 1 KAA 

6 X loOO 


- o 

0.2 


UN 1 


WFC 


T 
1 


( ' . , 1 , . , 1 1 „i „1 /OAA/)\ 

Uaballero et al. (2004J 


OAA1 
ZUUt 


JJec 1U 


022o4.2y0 


1 X 19zU 


<1 


Antu 


ISAAC 


f 

J 


UaDallero et al. (zUUoJ 


OAAQ 

2003 


7 „ „ -1 O 

Jan 12 


0Z04 f.414 


in 1 OAA 

12 X 1200 


4.2 


UN 1 


WFC 


T 
1 


.''.,1.11 i „1 /OAA/t\ 

Uaballero et al. (2004J 


O AAQ 


uct iy 


^ooqo noQ 


1 \y QfiAA 
1 X OOUU 


<1 


o.o m OA 


OzK 


I_f 

Jrl 


Uaballero et al. (zUUoJ 


O AAQ 

2003 


Uct 22 


rnnor OOI 

ozyoo.zUl 


1 w f?AA 
1 X bOO 


<1 


o.o m OA 


o2k 


T_f 

Jrl 


( ' . , 1 11 i „1 /OAAK\ 

Uaballero et al. (zOOoJ 


O AAQ 

2003 


t\,-, _ oo 
Dec 22 


ozyyo.oyD 


Q w f?AA 

3 X OOO 


<1 


1 Ub 


CAIN-2 


7 
J 


this paper 


OAAQ 


T\«« OO 

JJec 22 


e:onn£i not; 

ozyyo.UoD 


1 \/ 1 OAA 

i x izuu 


<1 


1 Ob 


CAIN- 2 


Jrl 
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Fig. 7. Standard deviation of the IAC-80 /-band differen- 
tial photometry plotted against the average / magnitude. 
The location of S Ori J053825.4-024241 is marked with a 
star symbol. 

January 2004 through to the beginning of February 2004 
on six different nights. Here we will focus on the analysis 
of S Ori J053825.4-024241. 

We note that no filter was used when collecting the 
OGS data. This is indicated by W (for "white light" ) in 



the filter column of Table Nevertheless, the detector is 
sensitive to optical wavelengths. We have computed the 
effective wavelength of the OGS observations for the case 
of S Ori J053825. 4— 024241 by convolving the transmission 
function of the telescope, the response of the E2V CCDs 
and the spectral energy distribution of an M6-type dwarf 
(a significant fraction of the energy is released at red wave- 
lengths). Our computations yield an effective wavelength 
of 7800 A, which is intermediate between the Johnson R 
(6410 A) and / bands (8500 A) used at the IAC-80 tele- 
scope. 

A total of 173 OGS images have been used to construct 
the light curve of our target. We have not attempted to 
correct the light curve for colour-dependent differential 
airmass extinction, as no particular trend is observed be- 
tween various sources and S Ori J053825. 4— 024241 from 
night to night. The minimum variation amplitude de- 
tectable from the OGS data is 0.020 mag. Figures [SI 
El and show the complete OGS light curve of S Ori 
J053825.4-024241, the details of four observing nights, 
and the standard deviation of the light curves as a function 
of magnitude, respectively. S Ori J053825. 4-024241 shows 
a marked variation amplitude at wavelengths shorter than 
8000 A: -0.2 mag on timescales of hours, and 0.5 mag from 
night to night. The brightness decrease at around MJD = 
53035 is also observed in the OGS data. 
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Fig. 8. OGS optical light curve of S Ori J053825.4-024241 
(stars) and of a reference star (dots). Data have been ob- 
tained from Jan to Feb 2004. 
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Fig. 9. Details of the OGS light-curve of SOri 
J053825. 4-024241 (stars) and of a reference star (dots). 
Our target was monitored for 3-6 h on each of these four 
observing nights. 



2.3. Near-infrared photometry 

We have obtained further near-infrared data (J and H 
bands) at different epochs. All observations are summa- 
rized in Tabled The instruments used were the NICMOS- 
3 256 x 256 CAiN-2 camera (1.00 arcsec pixel^ 1 ) at the 
TCS telescope, omega-2000 at the 3.5 m CAHA tele- 
scope and ISAAC at the UT1 Antu. The J-band photome- 
try obtained with the TCS in Jan 1999 was published in 
Bcjar ct al. (2004). The remaining near-infrared photom- 
etry of Table [S] is unpublished and presented in this paper 
for the first time (see Table EJ). All near-infrared photom- 
etry has been referred to the 2MASS photometric system 
(S Ori J053825.4-024241 was detected by 2MASS at MJD 
= 51116.323). We have carried out J- and i7-band differ- 
ential photometry of S Ori J053825.4-024241 with respect 
to a certain number of reference stars within a radius of 



Fig. 10. Standard deviation of the OGS differential pho- 
tometry plotted against the average relative magnitude. 
The location of S Ori J053825.4-024241 is marked with a 
star symbol. 

20 arcmin from our target. The minimum variation ampli- 
tudes that can be detected are 0.03 mag in J and 0.06 mag 
in H. Our target has been observed in K s only once by 
2MASS. Further discussion on the near-infrared variabil- 
ity of S Ori J053825.4-024241 will be given in Sectionl3~51 

3. Discussion 

3.1. Mass estimate 

Stauffer, Schultz & Kirkpatrick (1998) and Martin ct 
al. (1998) determined that the substellar mass limit lies 
at spectral type M6 in the Pleiades cluster (~120Myr). 
State-of-the-art evolutionary models predict that objects 
at the substellar boundary evolve at a roughly constant ef- 
fective temperature (within 200 K) between a few million 
years and the age of the Pleiades to cool down very fast af- 
terwards. Thus, it has been suggested that the star-brown 
dwarf boundary occurs at M5-6 in a Orionis. The spec- 
tral type of S Ori J053825.4-024241 is M 6, i.e. close to the 
cluster substellar limit. To constrain its mass with greater 
precision we compare the object luminosity to theoretical 
predictions. The luminosity of SOri J053825.4-024241 is 
derived from its iJ-band average magnitude (H = 14.18 
± 0.06) because, as we discuss in Section l3~5l this object 
shows the lowest photometric variability at these wave- 
lengths. In addition, there is no obvious excess emission 
at H in our data. To transform this colour magnitude 
into bolometric magnitude, we have used the bolometric 
correction vs. spectral type relation of Golimowski et al. 
(2004) and a distance of 360 ± 70 pc to the a Orionis clus- 
ter, deriving Afboi = 9.0 ± 0.4. The large error bar associ- 
ated with this measurement is due to our poor knowledge 
of the cluster distance. 

We show in Fig.^Jthe luminosity evolution of objects 
with masses between 0.03 and 0.13 M Q as provided by the 
Lyon models (Baraffe ct al. 1998, 2003; Chabrier et al. 
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Fig. 11. Models of luminosity evolution of low-mass stars 
and brown dwarfs from the Lyon group; full lines cor- 
respond to nextgen models (Baraffe et al. 1998) and 
dashed lines to dusty models (Chabrier et al. 2000). The 
most likely location of SOri J053825.4-024241 is indi- 
cated by a star symbol. The box accounts for the uncer- 
tainty in the luminosity determination and the probable 
age of the cluster (1-8 Myr). For ages below 5 Myr, SOri 
J053825.4-024241 is very likely substellar. 

2000). The most likely location of S Ori J053825.4-024241 
in this diagram is indicated by a star symbol at the age 
of 3 Myr, the most probable age of the cluster. The box 
around this location accounts for the uncertainty in the 
luminosity determination and the possible age interval (1- 
8 Myr) of the a Orionis cluster. From Fig. ^2 the mass 
of SOri J053825.4-024241 is estimated at 0.06^;^ M , 
indicating that this object is probably substellar. 

3.2. Ha emission 

With a pEW of about -250 A, S Ori J053825.4-024241 is 
one of the strongest Ha emitters in the a Orionis cluster. 
The Ha strength of our target is about five times larger 
than that of the most active low-mass stars of the cluster, 
while only two substellar objects, SOri 55 and 71, show 
higher Ha emission (Zapatcro Osorio et al. 2002b; Barrado 
y Navascues et al. 2002). The marked persistence of the 
Ha line of S Ori J053825. 4-024241, which is always seen in 
substantial emission in our data, suggests that its origin is 
not due to a transient event. As mentioned in Scction f2.ll 
SOri J053825.4-024241 shows broad Ha wings (Fig.©. 
After correction for the contribution of the instrumental 
profile, the real Ha fwhm turns out to be 230 km s^ 1 (or 
220 km s -1 if we consider the pedestal of the line at the 
10% level of the peak flux). Such large velocity appears to 
be close to the break-up limit of S Ori J053825.4-024241, 
so the Ha broadening is probably not caused by intrinsic 
rotation. We interpret the persistent broad Ha emission 
as due to hot mass infall or mass ejection (e.g., White & 
Basri 2003). 



To compare the relative strength of the Ha emission 
of SOri J053825.4-024241 with those of other low-mass 
a Orionis members, we have evaluated the Lh«/ '-^boi ratio 
of our target. This quantity is independent of the surface 
area and represents the fraction of the total energy output 
in Ha. The bolometric luminosity was calculated using the 
-^boi given in Section |3~D and the solar bolometric magni- 
tude of 4.74. We followed Hodgkin et al. (1995) for obtain- 
ing Ljja from the width of the line, the (R — I)c colour 
and the F-band magnitude. The (R — I)c colour is taken 
from Bejar et al. (2004), who provide quasi-simultaneous 
photometry in the two bands. We have estimated V to be 
21.0 ± 0.5 mag by adopting the (V — I)c— spectral type 
relationship of Kirkpatrick et al. (1994). The NOT and 
Keck Ha measurements yield similar values within the 
error bar, i.e. log (L H a/£boi) = -2.4 ± 0.3 ( 2 ). The er- 
ror bar takes into account photometric uncertainties and 
the error in the distance to the cluster. Figure fT2l shows 
log (Lna/iboi) as a function of spectral type for cluster 
members. Except for our target, data have been gathered 
from Zapatero Osorio et al. (2002a, 2002b) and Barrado y 
Navascues et al. (2002). SOri J053825.4-024241 exhibits 
quite intense emission, which is comparable to that of ac- 
tive stellar accretors. 

3.3. Other emission lines and radial velocity 

The "photospheric" radial velocity of S Ori 
J053825.4-024241 (v h = +32 ± 13 kms" 1 ) is consis- 
tent with membership of the a Orionis cluster. The 
cluster systemic velocity is in the range 27 to 38kms _1 
(Bohannan & Garmany 1978; Garmany, Conti & Massey 
1980; Morrell & Levato 1991). Zapatero Osorio et al. 
(2002a) and Kenyon et al. (2005) found mean heliocentric 
velocities of 37 ±6 and 31.2 ±0.2 km s _1 , respectively, for 
low-mass members of the cluster. 

Emission lines, if originating outside the photosphere, 
may show a different velocity. The measurements of Ha 
and He I A5876 are in agreement with the "photospheric" 
velocity of S Ori J053825.4-024241 within the la uncer- 
tainty. However, [O i] A6300 shows a moderate blue-shifted 
velocity of about 2a. This may indicate the presence of low 
density gas outflow (mass loss, wind), which is a process 
commonly found in Classical T Tauri stars with jets. The 
red component of this emission line might be hidden by 
an opaque disc (Appenzeller, Jankovics & Ostreicher 1984; 
Edwards et al. 1987). It has also been suggested (Corcoran 
& Ray 1997) that low velocity forbidden line emission (like 
the one we have measured in SOri J053825. 4-024241) 
could be due to disc wind. 

3.4. Lithium and optical veiling 

Lithium at A6707.8A is not detected in any of our spec- 
troscopic data. From the observed spectra, we can im- 

2 If the object were brighter in V than expected, e.g. V = 
20.0 ± 0.5, log (L HQ /£boi) could be as high as -2.0 ± 0.3. 
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Fig. 12. Ha luminosity over bolometric luminosity is plot- 
ted against spectral type for a Orionis members. S Ori 
J053825. 4-024241 (star symbol) exhibits a significant 
amount of Ha emission in comparison to other cluster low- 
mass stars and brown dwarfs. 
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Fig. 13. The Keck spectrum of S Ori J053825.4-024241 
(solid line) is compared to "unveiled" synthetic spectra 
computed for log 2V(Li) = 3.0 (dashed line) and no lithium 
(dotted line) in the top panel. The bottom panel shows 
the comparison between SOri J053825. 4-024241 (solid 
line) and a "veiled" (r = 0.5) theoretical spectrum with 
log AT(Li) = 3.0 (dashed line). The location of the lithium 
feature is indicated by a vertical line. 

pose upper limits on the line pEW of +0.7 A (NOT) and 
+0.3 A (Keck). Because of the very young age of a Orionis, 
it is expected that all cluster stars and brown dwarfs have 
depleted none of their initial lithium abundance. 

We have computed a few synthetic spectra around 
lithium using the code of Pavlenko, Zapatero Osorio & 
Rebolo (2000), and T cff = 2900K, log ff = 4.0 and solar 
metallicity, which are the expected photosphcric param- 
eters of an M6-type dwarf in a Orionis. The theoreti- 
cal spectra have been degraded to match the resolution 



of 4 A. Computations have been carried out considering 
two different lithium abundances (log TV (Li) = 3.0, i.e. no 
depletion, and complete depletion), and the presence of 
veiling. SOri J053825. 4-024241 shows a very strong Ha 
emission suggestive of intense accretion; furthermore, the 
R — I colour and the titanium oxide bands of this ob- 
ject appear bluer and weaker, respectively, than expected 
for M6 dwarfs, possibly indicating the presence of some 
blue continuum excess. For our computations, we have 
adopted a flat energy distribution in the wavelength in- 
terval 6672-6740 A for the flux continuum excess. Our re- 
sults are depicted in Fig.^J where the top panel shows the 
comparison between the observed Keck spectrum of S Ori 
J053825. 4-024241 and the "unveiled" synthetic spectra, 
and the bottom panel displays SOri J053825. 4-024241 
and the "veiled" computations. It is apparent from the fig- 
ure that the TiO features of S Ori J053825.4-024241 are 
better reproduced by the spectral synthesis including some 
veling. An amount of r = 0.5, where r = FLxcess/^phot, 
reasonably matches the observations. The lithium absorp- 
tion feature is detectable in the unveiled, lithium-rich, 4 A- 
resolution theoretical spectrum (pEW « 0.3 A), whereas 
it becomes rather weak in the veiled spectrum. Therefore, 
the non-detection of lithium in our data is still consistent 
with complete preservation. Higher-resolution spectra are 
needed to study lithium in S Ori J053825.4-024241. 

3.5. Photometric variability and the Classical T Tauri 
scenario 

Based on our optical data, we conclude that S Ori 
J053825. 4— 024241 presents the largest variability among 
very low-mass stars and brown dwarfs so far identified 
in the a Orionis cluster The amplitude of the variations 
in the /-band (8500 A) are ^0.05 mag in timescales of 
hours and ^0.25 mag on timescales of days. The variability 
is even larger at shorter wavelengths. These conclusions 
strongly support the Classical T Tauri (CTT) picture. 
As noted by Appenzeller & Mundt (1989), all carefully 
monitored CTT stars have turned out to be variables. We 
have searched for a periodic signal in the IAC80 and OGS 
data of S Ori J053825.4-024241 by calculating the power 
spectrum as described in Caballero et al. (2004) . We have 
found no significant peaks in the periodograms. 

To study the long-term optical photometric variability 
of SOri J053825. 4-024241 we have compared our data 
to previously published data obtained at different epochs 
and using similar instrumentation. These data and the 
new photometry presented here span a total of 6 years of 
observations. The /-band filters used at the IAC-80 and 
INT are very similar as inferred from their transmission 
curves shown in the bottom panel of Figure For di- 
rect comparison, all data have been referred to the same 
photometric calibration as in Bejar et al. (2004). The com- 
parison of the light curves of the reference stars in com- 
mon between the IAC-80 and INT datasets yields a dis- 
persion of 0.025 mag. The complete set of /-band obser- 
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Fig. 14. The long-term /-band light-curve of S Ori 
J053826. 1-024041 is depicted in the top panel. Data, 
which include the INT (crosses) and IAC-80 (pluses) pho- 
tometry, span a time coverage of six years. The bot- 
tom panel displays the transmission curves of the IAC-80 
(dashed line) and the INT (RGO-I, full line) /-band filters 
and of one of the CCDs (dotted line) of the INT camera. 
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Fig. 15. J/Z /£T s -band light-curves of SOri 
J053825.4-024241 (J: A; H: o; K s : y)- The dotted 
lines stand for the average magnitude in each filter. 

vations is depicted in the top panel of Figure El S Ori 
J053825. 4— 024241 also presents long-term photometric 
varibility in the optical with an amplitude of 0.7 mag. This 
is larger than the short-term variation amplitude. Further 
data are needed to investigate whether the optical light 
curve of S Ori J053825. 4-024241 consists of a long, very 
large amplitude variation on to which variations of smaller 
amplitudes and shorter timescales are superimposed (see 
Scholz & Eisloffel 2004). We provide in Table the inter- 
vals of the photometric magnitudes that we have measured 
in the optical and near-infrared. 

Figure 1151 shows all near-infrared photometry of S Ori 
J053825. 4— 024241 available to date as a function of the 



Table 6. Photometric data of SOri J053825.4-024241 



Filter 


Magnitude 


Source 


B a 


~ 20.9 


USNO-B1 


R a 


18.66 ± 0.05 


Bejar et al. (2004) 


I 


16.82-17.52 


this paper 


J 


14.57-15.04 


this paper 


H 


14.18 ± 0.06 


this paper 




13.57 ± 0.03 


2MASS 



a A single measurement. 



epoch of the observations. The //-band photometry ap- 
pears to be rather stable within lcr the uncertainty. At 
J, our target shows a large scatter, suggesting variability. 
The amplitude of the variations is about 0.5 mag, which 
compares with the optical variability. The photometric 
variability of CTT stars decreases towards longer wave- 
lengths because the origin of the variations probably lie 
in hot and/or cold photospheric spots covering a signifi- 
cant percentage of the object surface. It is also believed 
that part of the variability is due to occultations by in- 
homogeneities of the inner disc regions, which show less 
dependence on wavelength. This picture might be appli- 
cable to SOri J053825. 4-024241 to explain its peculiar 
optical and near-infrared light-curves. We note that S Ori 
J053825. 4— 024241 presents a clear flux excess at 2.2 fim 
(Bejar et al. 2004; Caballero et al. 2004), which may be 
associated with the presence of a surrounding disc. 

Interestingly, SOri J053825.4-024241 is detected in 
the USNO-B1 blue plates (Monet et al. 2003), from which 
we have obtained the blue photographic magnitude. This 
magnitude has been converted into the standard B mag- 
nitude by applying the conversion equation of Zombeck 
(1990). We provide our measurement in Table El From 
the B magnitude and the typical colours of M5-7 dwarfs, 
it is also apparent that SOri J053825. 4— 024241 presents 
a flux excess at blue wavelengths. This result is consistent 
with the presence of veiling as discussed in the previous 
section. We note that on some occasions, when the accre- 
tion activity is large, S Ori J053825. 4-024241 may show 
up bluer in the optical than other cluster members of sim- 
ilar types. This might explain why this object was not 
selected as a cluster member candidate from previous RI 
surveys in the region. 

4. Summary and conclusions 

We have obtained low-resolution optical spectroscopy (R 
~ 600) in the wavelength interval 5300-9600 A of four low- 
mass candidate members of the a Orionis cluster (360 ± 
70 pc, 1-8 Myr). These objects were selected from the pho- 
tometric surveys by Bejar et al. (2004) and Caballero et 
al. (2004) . We have determined spectral types between M5 
and M6 for these sources, which are consistent with our 
expectations for true cluster members. Furthermore, all 
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of them show spectroscopic features typical of low-gravity 
atmospheres, supporting their membership of the cluster. 

One object, namely S Ori J053825.4-024241 
(M 6.0±1.0), was known to be variable in the / band 
(Caballero et al. 2004) and to show slightly bluer R — I 
and redder J — K s colours than other a Orionis members 
of similar magnitude (Bejar et al. 2004). From our low- 
resolution spectroscopic data, SOri J053825. 4-024241 
presents a strong Ha emission (one of the largest among 
known low-mass cluster members), which, in addition to 
the near-infrared flux excess, suggests that this object is 
undergoing accretion processes from a surrounding disc. 

To confirm the possible T Tauri nature of S Ori 
J053825. 4-024241, we have obtained follow-up higher res- 
olution spectra (R ~ 1700) in the wavelength interval 
5600-8100A and have photometrically monitored the ob- 
ject in the /, J and H bands and in white light. SOri 
J053825. 4— 024241 shows persistent, strong Ha emission. 
In addition, other forbidden and permitted emission lines 
have been detected, e.g. [Oi] A6300.3 and He i A5875.8. 
The pseudo-equivalent widths of all these emission lines 
are consistent with the measurements of known stellar ac- 
cretors. Furthermore, Ha is found to be broadened with 
widths typical of T Tauri stars, which indicates the pres- 
ence of gas infall at high velocities. From the comparison 
of our spectroscopic data to theoretical spectra, we infer 
that some continuum flux excess is present at short wave- 
lengths. We quantify this "veiling" to be around 0.5 in 
the Li I A6707.8 region. S Ori J053825.4-024241 has a ra- 
dial velocity consistent with membership of the a Orionis 
cluster. 

S Ori J053825.4-024241 is confirmed to be an irregu- 
lar variable object. Variations, which do not show any ob- 
vious modulation pattern, are significant (0.05-0.7 mag) 
from blue wavelengths up to the J band. Variability is 
found at all timescales. Our i?-band photometry appears 
rather stable in time, suggesting little variability at wave- 
lengths greater than 1.2 ^m. Both the photometric and 
spectroscopic properties of S Ori J053825. 4— 024241 are 
consistent with the T Tauri scenario. Assuming that S Ori 
J053825. 4-024241 is a member of the a Orionis cluster, 
we have estimated its mass at 0.061?;^ M Q after com- 
parison with state-of-the-art evolutionary models. Based 
on our data, we conclude that S Ori J053825.4-024241 is 
probably a brown dwarf undergoing processes similar to 
those of T Tauri stars. 
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